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Abstract 11 

A middle atmosphere general circulation model is used to examine the effects of 12 

zonally asymmetric ozone (ZAO) on the Northern Hemisphere planetary waveguide 13 

(PWG) during winter (December-February). The morphology of the PWG is measured by 14 

a refractive index, Eliassen-Palm flux vectors, the latitude of the subtropical zero wind 15 

line, and the latitude of the subtropical jet. ZAO causes the PWG to contract meridionally 16 

in the upper stratosphere, expand meridionally in the lower stratosphere, and expand 17 

vertically in the upper stratosphere and lower mesosphere. The ZAO-induced changes in 18 

the PWG are the result of increased upward and poleward flux of planetary wave activity 19 

into the extratropical stratosphere and lower mesosphere. These changes cause an 20 

increase in the Eliassen-Palm flux convergence at high latitudes, which produces a 21 

warmer and weaker stratospheric polar vortex and an increase in the frequency of 22 

stratospheric sudden warmings. The ability of ZAO to alter the flux of planetary wave 23 

activity into the polar vortex has important implications for accurately modeling wave-24 

modulated and wave-driven phenomena in the middle atmosphere, including the 11-year 25 

solar cycle, stratospheric sudden warmings, and the phase of the Northern Hemisphere 26 

annular mode. 27 

28 
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1. Introduction 29 

The concept of a planetary waveguide (PWG) was first proposed by Dickinson 30 

[1968] to describe the regions of the Northern Hemisphere (NH) winter stratosphere 31 

where the background zonal wind supports the upward propagation of planetary waves. 32 

Matsuno [1970] expanded on Dickinson’s PWG concept and derived a refractive index 33 

for planetary waves on a sphere and showed that planetary wave propagation is strongest 34 

in regions where the refractive index is large and positive. For a typical NH winter zonal 35 

wind distribution (Fig. 1), large, positive values of the refractive index occur in the region 36 

bounded on the south by the zero wind line [Tung, 1979] and on the north by the southern 37 

edge of the polar vortex [Chapman and Miles, 1981].  38 

The zero wind line and the vortex edge do not, however, provide a complete 39 

description of planetary wave propagation within the PWG; indeed, there exist robust 40 

features of the background flow within the PWG that exert substantial control over how 41 

much planetary wave activity enters the PWG from the troposphere, and where that wave 42 

activity propagates once inside the stratosphere. For example, the vertical shear of the 43 

zonal-mean wind near the tropopause exerts significant influence over the amount of 44 

planetary wave activity that propagates upwards from the troposphere into the lower 45 

stratosphere [Chen and Robinson, 1992]. And once planetary waves arrive in the lower 46 

stratosphere, the local minimum in the refractive index associated with the negative 47 

vertical and horizontal gradients of the zonal-mean wind (above and to the north of the 48 

subtropical jet) splits the PWG into two ‘channels’ through which planetary wave activity 49 

may either propagate poleward and upward into the interior of the stratosphere, or 50 

equatorward where the waves are confined to the lower stratosphere [Chapman and 51 
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Miles, 1981; Huang and Gambo, 1982; Li et al., 2006]. For the planetary waves that 52 

propagate upward and poleward into the interior of the stratosphere, the height that 53 

planetary waves are able to propagate is largely controlled by the ratio of the meridional 54 

gradient of potential vorticity to the zonal-mean westerly wind [Charney and Drazin, 55 

1961; Matsuno, 1970]. In addition, Nigam and Lindzen [1989] showed that modest 56 

latitudinal shifts in the location of the subtropical jet greatly alter the amount of planetary 57 

wave activity that is refracted into the mid-latitude and polar stratosphere. These results 58 

show that the PWG is largely defined by its meridional width (measured by the location 59 

of the zero wind line), its vertical extent (measured by the refractive index), and the 60 

strength of wave propagation around the subtropical jet and within the waveguide (both 61 

measured by the refractive index).  62 

The structures of the zonal-mean wind and PWG are determined by a balance 63 

between radiative heating due to ozone, longwave radiative cooling, and dynamical 64 

heating due to planetary waves. Any physical process that alters this three-way balance 65 

will in turn modulate the PWG. One such process involves the feedbacks between 66 

planetary wave activity and stratospheric ozone. Specifically, as planetary waves 67 

propagate from the troposphere into the stratosphere during NH winter, they produce 68 

large zonal asymmetries (waves) in wind, temperature, and ozone [Gabriel et al., 2007]. 69 

Observations show that zonally asymmetric ozone (ZAO) constitutes a significant 70 

fraction of the total stratospheric ozone field (e.g., Wang et al., 2005; Gabriel et al., 71 

2007; Crook et al., 2008). That fraction reaches 10% during boreal winter (based on 72 

decadal averages; Crook et al., 2008); 15% in the lower stratosphere near ~70°N and 73 

~65°S [Gillett et al., 2009]; 50% during the Antarctic stratospheric sudden warming of 74 
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2002 [Wang et al., 2005]; and 50% during the breakup of the Antarctic ozone hole 75 

[Crook et al., 2008]. The phasing between the wind, temperature, ozone waves produce 76 

fluxes that modulate both the spatial-temporal damping of the wave fields and the driving 77 

of the zonal-mean circulation [Nathan and Li, 1991; Nathan and Cordero, 2007; Albers 78 

and Nathan, 2012]. 79 

General circulation modeling studies have also shown that ZAO has a large effect 80 

on the zonal-mean temperature and wind structure of the wintertime middle atmosphere 81 

in both hemispheres [Kirchner and Peters, 2003; Sassi et al., 2005; Gabriel et al., 2007; 82 

Brand et al., 2008; Crook et al., 2008; Waugh et al., 2009; Gillett et al., 2009; 83 

McCormack et al. 2011]. For example, Crook et al. [2008] examined the effect of ZAO 84 

on the high latitude Southern Hemisphere and found that including ZAO produces lower 85 

stratosphere cooling that is comparable in magnitude to the cooling produced by the 86 

springtime Antarctic ozone hole. In a study that focused on the Northern Hemisphere, 87 

McCormack et al. [2011] carried out an ensemble of GCM simulations over the 88 

December-March period and found that ZAO produces a warmer and more disturbed 89 

stratospheric polar vortex and an increased incidence of stratospheric sudden warmings 90 

(SSWs). Although McCormack et al. showed that ZAO changes temperatures and winds 91 

in the polar stratosphere, the mechanisms involved in the changes were not fully 92 

investigated; yet understanding the connections between ZAO and the polar stratosphere 93 

is vital to producing reliable assessments of human-caused impacts on key features of the 94 

climate system, including the upward flux of planetary wave activity, the frequency of 95 

SSWs, and the phase of the Northern Hemisphere annular mode. Here we investigate 96 

how the physics associated with ZAO changes the morphology of the PWG. The results 97 
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that we obtain underscore the importance of accurately accounting for ZAO in global 98 

climate models. 99 

In the following section we introduce the model and diagnostics that we use to 100 

measure changes in the morphology of the PWG. In Section 3 we present our results, and 101 

in Section 4 we discuss the implications of our results for global climate modeling. 102 

2. Model Description and Diagnostics 103 

We investigate the effects of ZAO on planetary wave propagation during NH 104 

winter using the NOGAPS-ALPHA global spectral general circulation model [see, for 105 

example, Eckermann et al., 2009; McCormack et al., 2011 and references therein]. 106 

NOGAPS-ALPHA extends from the surface to ~90 km in height and utilizes 68 hybrid 107 

(σ-p) vertical levels with triangular truncation at wavenumber 79. The model includes 108 

prognostic equations for O3 and H2O, which are calculated using the photochemical 109 

parameterizations of McCormack et al. [2006, 2008]. Shortwave heating and longwave 110 

cooling rates are computed using prognostic O3 and H2O fields and a fixed profile of 111 

CO2. Sea surface temperatures and ice distributions are specified at the model lower 112 

boundary using 12-hourly observations from operational global analyses.  113 

  We analyze fifteen pairs of model simulations spanning early December to late 114 

March (121 days). Each pair of simulations was initialized using identical profiles of 115 

wind, temperature, and chemical constituents acquired from the NOGAPS-ALPHA data 116 

assimilation system [Eckermann et al., 2009]. The initialization dates were staggered in 117 

time in order to generate an ensemble of fifteen independent pairs of model simulations 118 

(for details see McCormack et al., 2011). For each pair of simulations, one used fully 119 

prognostic ozone in the radiative heating and cooling calculations (designated 3DO3), 120 
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and the other used zonal-mean values of the instantaneous prognostic ozone field to 121 

evaluate the radiative heating and cooling rates (designated ZMO3). We isolate the effect 122 

of ZAO on the circulation by taking the difference between 3DO3 and ZMO3 simulations 123 

for any given variable. When calculated in this way, the difference between the 3DO3 124 

and ZMO3 simulations isolates the effect of ZAO-heating, but not the effect of changes 125 

in zonal-mean ozone heating due to wave-ozone transports.  Consistent with Albers and 126 

Nathan [2012], however, the heating due to the wave-ozone transports is of secondary 127 

importance compared to the ZAO-heating. This means that the zonal-mean ozone 128 

distribution is similar for the 3DO3 and ZMO3 simulations. 129 

 Statistical significance of the differences between ensemble means of model 130 

variables is assessed using a Student’s T-test at the 95% confidence level. As stated in 131 

McCormack et al. [2011], the 3DO3 model runs produced four SSWs, while the ZMO3 132 

runs produced only one SSW. Statistical significance calculations were also carried out 133 

with all of the runs containing SSWs removed. Doing so did not change the qualitative 134 

nature of our results. 135 

We evaluate the morphology of the PWG in terms of two properties: (i) its shape, 136 

measured by its vertical extent and meridional width; and (ii) by the strength and 137 

direction of wave propagation within the waveguide itself. To measure these properties 138 

we use a refractive index, Eliassen-Palm flux vectors, the latitude of the subtropical zero 139 

wind line, and the latitude of the subtropical jet. 140 

To diagnose the shape of the PWG and to distinguish regions of wave propagation 141 

versus evanescence, we employ the spherical form of the quasigeostrophic refractive 142 

index squared [Andrews et al., 1987]: 143 
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is the zonal-mean potential vorticity gradient; u is the zonal mean wind;  is latitude, z is 145 

height, s is the spherical integer zonal wavenumber, N(z) is the buoyancy frequency, f is 146 

the Coriolis parameter, H is the mean scale height [=7 km],  [ )/(exp0 Hz ] is the 147 

standard density in log-pressure coordinates, 0  is the sea-level reference density, a is 148 

the radius of the Earth,  is the Earth’s rotation frequency, and subscripts denote 149 

derivatives with respect to the given variable.  150 

Planetary waves propagate in regions where 02

sn  and are evanescent in regions 151 

where 02

sn . Thus the vertical extent of the PWG is measured by the height where 152 

02

sn . The meridional width of the PWG is determined by its northern and southern 153 

boundaries. We measure the northern boundary of the PWG by the latitude where 2

sn  154 

becomes negative. The southern boundary of the PWG, however, cannot be measured 155 

directly by 2

sn . This is because 2

sn  as 0u , so that interpretation of 2

sn  near the 156 

subtropical zero wind line becomes problematic. What is important here is that near the 157 

zero wind line the sign of u  largely controls the sign of 2

sn . We therefore use the 158 

location of the zero wind line as a measure of the southern boundary of the PWG, 159 

consistent with previous studies [e.g., Holton and Tan, 1982]. In addition, we also use the 160 

location of the subtropical jet as a diagnostic to measure wave propagation within the 161 
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PWG.  This diagnostic is motivated by Nigam and Lindzen [1989] who showed that small 162 

shifts (<3° in latitude) in the location of the subtropical jet can greatly alter the guiding of 163 

planetary waves from the troposphere into the extratropical stratosphere. 164 

When measuring changes in 2

sn , we examine the relative importance of the 165 

strength, shear, and curvature of the zonal-mean wind. Equation (1) shows that the 166 

strength of wave propagation within the PWG depends on the ratio of the potential 167 

vorticity gradient to the zonal-mean wind, where the potential vorticity gradient (2) 168 

depends on the shear and curvature of the wind. Equation (1) also shows that as the 169 

planetary wave wavenumber s increases, 2

sn  decreases; this explains why the propagation 170 

of planetary waves into the stratosphere is largely confined to planetary wave numbers 171 

s=1-3 [Charney and Drazin, 1961]. 172 

We measure the strength and direction of planetary wave propagation within the 173 

PWG by using two related diagnostics: the Eliassen-Palm flux (EP-flux) and 2

sn . For 174 

steady, slowly varying plane waves, the planetary wave group velocity is locally parallel 175 

to the EP-flux vector [Edmon et al., 1980]. In addition, the EP-flux vector F


is curved up 176 

the gradient of sn , and in particular, is guided along ridges of sn  [Palmer, 1981; Palmer, 177 

1982; Karoly and Hoskins, 1982]. The magnitude of the EP-flux vector F


 is related to 178 

2

sn  by [Palmer, 1981; Palmer, 1982]:  179 

 
)/()/exp(

2

1 2 afnHzF ss
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where F


is defined in (4) and (5) below; s is the amplitude of a steady, conservative, 180 

linear wave with zonal wave number s. Regions of larger 2

sn  are associated with larger 181 
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EP-flux vectors and the trajectories of the EP-flux vectors are refracted up the gradient of 182 

2

sn . Thus the EP-flux vector and 2

sn  provide a useful way of visualizing the propagation 183 

pattern of planetary waves in the latitude-height plane. Under quasigeostrophic 184 

conditions, the EP-flux vector [ ),( )()( zFFF


] and its divergence are defined in log-185 

pressure coordinates as [Andrews et al., 1987] 186 
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where vu  and  are the zonal and meridional winds and  is the potential temperature; the 187 

overbars and primes denote zonal-mean and perturbation quantities, respectively; and the 188 

subscripts in (5) denote partial differentiation. In accordance with (4) and (5), an upward 189 

directed EP-flux vector corresponds to a poleward heat flux; an equatorward directed EP-190 

flux vector corresponds to a poleward momentum flux. The divergence of the EP-flux (6) 191 

measures the net planetary wave driving of the zonal-mean wind. Specifically, negative 192 

values of the EP-flux divergence (i.e. convergence) exert a westward drag on the mean 193 

wind that weakens the winter stratospheric westerly winds. When plotting the EP-flux 194 

vectors and divergence, we adopt the scaling procedure of Butchart et al. [1982], which 195 

ensures that the relative size of the EP-flux vector components are preserved when 196 

plotted in Cartesian coordinates. For this scaling, the vector components (4) and (5) are 197 

multiplied by 2 a cos  and (4) is additionally multiplied by c=0.0091; the units of the 198 

rescaled EP-flux divergence are kg s
-2

. 199 
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 The relationship between 2

sn  and the direction and magnitude of the EP-flux has 200 

been successfully used to describe a variety of stratospheric phenomenon including 201 

stratospheric sudden warmings [Butchart et al., 1982; Palmer, 1981], decadal 202 

temperature and circulation trends [Hu et al., 2005], annular mode variability [Lorenz 203 

and Hartmann, 2002], and the propagation of planetary waves between the troposphere 204 

and stratosphere [Chen and Robinson, 1992]. However, 2

sn  and its connection to the EP-205 

flux are built on several simplifying assumptions that may not be valid under some 206 

circumstances.  207 

 For example, Harnik and Lindzen [2001] have shown that when the middle 208 

stratosphere contains a reflecting surface, the traditional 2

sn  (1) may be an unreliable 209 

measure of the boundaries of the PWG. This is because 2

sn  (1) is a bulk quantity that does 210 

not distinguish between propagation in the meridional and vertical directions. In fact, 211 

vertical propagation may be squelched while 2

sn  remains positive. This can occur when 212 

meridional propagation is sufficiently strong. This point was underscored by Harnik and 213 

Lindzen who defined a wavenumber diagnostic, which, together with a linear model, 214 

provided boundaries for meridional and vertical wave propagation. Using the diagnostic 215 

for specific cases during Southern Hemisphere winter, they found that when a reflecting 216 

surface formed in the upper stratosphere, it was about 10 km lower than that produced by 217 

the traditional 2

sn .  218 

 Because the differences between the Harnik and Lindzen [2001] wavenumber 219 

diagnostic and the traditional 2

sn  diagnostic appear to be largest when reflecting surfaces 220 

form in the upper stratosphere, we calculated a reflection index following Perlwitz and 221 
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Harnik [2003] for all of our 3DO3 and ZMO3 model simulations. We found that for the 222 

3DO3 ensemble simulations, 6 out of 15 Januarys had reflective surfaces in the upper 223 

stratosphere. For the ZMO3 simulations, only 3 out of 15 winters had reflective surfaces 224 

(one in December and two in January). For the February simulations there were no 225 

reflective surfaces in the upper stratosphere. For this reason, and since February is also 226 

the time when our simulations show that ZAO has its strongest effect on the model 227 

circulation (see Section 3), we can expect 2

sn  to be a representative measure of the 228 

morphology of the planetary wave guide. 229 

 Another potential concern regarding the diagnosis of wave propagation using (1)-230 

(6) is that the mathematical relationship between the EP-flux and 2

sn  formally holds for 231 

slowly varying plane waves and for sufficiently small wave damping. These conditions 232 

may not be met in the real atmosphere due to wave reflection, tunneling, or damping, 233 

which may complicate the interpretation of the 2

sn /EP-flux relationship or invalidate it 234 

altogether [Harnik 2002]. 235 

 The above caveats notwithstanding, our results will show that the relationship 236 

between the EP-flux divergence and 2

sn  explains a significant portion of the wind and 237 

PWG variability observed in the model simulations that include ZAO.  238 

3. Results 239 

We compare the morphology of the PWG for the ZMO3 and 3DO3 cases for the 240 

winter months of December, January, and February (DJF). We follow with a discussion 241 

describing how ZAO causes the morphology of the PWG to evolve differently during 242 

January and February. 243 

3.1. Mean Winter Results (December-January-February) 244 
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Figures 1 and 2 show, respectively, the ZMO3 and 3DO3 ensemble mean zonal-245 

mean wind and 2

sn  for stationary planetary wave s=1 averaged over DJF; similar results 246 

were obtained for planetary wave s=2 (not shown). Figures 1 and 2 show features of 2

sn  247 

that are common to previous studies of NH planetary wave propagation (Chapman and 248 

Miles, 1981; Chen and Robinson, 1992). These features include a local minimum in 2

sn  in 249 

the middle latitude lower stratosphere (~42°N latitude at 20 km) and a local maximum in 250 

2

sn  between 50°-60°N latitude and 25-30 km. The local minimum in 2

sn  is due to the 251 

large negative gradient in potential vorticity (2). The large potential vorticity gradient 252 

results from the negative vertical and meridional gradients in zonal-mean wind located 253 

just above and to the north of the subtropical jet (Figure 1a). For waves originating in the 254 

extratropical troposphere, the local minimum in 2

sn  in the lower stratosphere splits the 255 

vertical propagation of planetary waves along two ‘channels’ [Chapman and Miles, 1981; 256 

Huang and Gambo, 1982; Li et al., 2006]. The splitting of wave propagation along two 257 

wave channels is a common feature of the NH PWG during the mid- to late winter (the 258 

time period of interest in this study), but may be less common during the early winter 259 

months of November-December (compare Figure 9 bottom left and bottom right of Shaw 260 

et al., 2010). We shall refer to the two channels as the southern and northern wave 261 

channels. 262 

Along the southern channel of the PWG, the planetary waves are confined to the 263 

lower to middle stratosphere where they are refracted equatorward, eventually dissipating 264 

before they reach the upper stratosphere. Along the northern channel, the waves 265 

propagate through the local maximum in 2

sn  associated with the weak westerly winds 266 
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located slightly north of the region between the subtropical and polar night jets. The 267 

region between the jets is centered at ~56°N latitude and 25 km in Figure 1a. From the 268 

local maximum in 2

sn , waves tend to propagate upwards along the southern edge of the 269 

vertical axis of the polar night jet, where wave propagation is enhanced due to the 270 

combination of positive vertical and meridional shear of the zonal-mean wind. Waves 271 

that emanate from the sub-polar and polar regions tend to merge into the guide formed by 272 

the northern channel. The EP-flux vectors shown in Figures 1b and 2b clearly show 273 

planetary wave propagation along these two channels.  274 

Planetary wave activity within the PWG is generally strongest during mid- to late 275 

winter, when the polar vortex is generally weaker. This is consistent with Charney and 276 

Drazin [1961] who showed that planetary wave propagation from the troposphere into the 277 

stratosphere is favored in westerly flows that are not too strong. Because NH zonal 278 

asymmetries in ozone are predominantly generated by planetary wave activity, we also 279 

expect the ZAO field to be largest in late winter [Peters and Entzian, 1999; Peters et al., 280 

2008]. As winter wanes, the solar zenith angle decreases and the ozone heating becomes 281 

stronger. Thus we can anticipate that the effects of ZAO, particularly with regard to the 282 

PWG, will be strongest in mid- to late winter. This is indeed the case, and in the 283 

discussion that follows, we focus our attention on January and February.  284 

McCormack et al. [2011], in a preliminary study examining the effects of ZAO on 285 

the NH wintertime circulation, found that ZAO has the largest affect on the dynamics of 286 

the NH polar winter stratosphere during January and February. Figures 3a and 3b show 287 

the difference in the ensemble mean zonal-mean wind (3DO3 minus ZMO3) for January 288 

and February. Wind differences that are statistically significant above the 95% 289 
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confidence level are shaded. Overall, the effects of ZAO produce weaker westerly flow. 290 

During January (Fig. 3a), the largest ensemble mean differences (~10 m/s) are located 291 

throughout the tropical stratopause region. During February (Fig. 3b), the zonal wind 292 

differences extend poleward and downward with the largest differences (~17 m/s) located 293 

in the polar region between 40-50 km. Although the largest change in the wind speed 294 

occurs in February in the NH, changes in 2

sn  and the EP-flux divergence begin in January 295 

and grow as the winter season proceeds. By February there is a large change in wind 296 

speed in the extratropical stratosphere. We next consider January and February in more 297 

detail. 298 

3.2. January Results 299 

Figures 4a and 4b show the 3DO3 EP-flux divergence and EP-flux difference 300 

(3DO3 minus ZMO3) contours for January. Also shown are the corresponding EP-flux 301 

vectors. Figure 4b shows two important changes in the EP-flux due to ZAO. First, 302 

between 10-15 km and ~10°-50°N latitude, the EP-flux difference vectors are directed 303 

poleward. This corresponds to an increase in equatorward momentum flux, which is 304 

associated with the weakened extratropical upper tropospheric and lower stratospheric 305 

westerly flow. Second, between 10-30 km and ~50°-80°N latitude, the EP-flux difference 306 

vectors are directed upwards. This represents an increase in both vertical wave 307 

propagation and the meridional heat flux, which is associated with the weakening of the 308 

westerly flow. The change in the momentum flux in January continues to grow as the 309 

winter proceeds and will be important for explaining the equatorward shift in the 310 

subtropical jet seen later in February (Figure 3b). The effect of the increased meridional 311 

heat flux on the PWG, however, becomes readily apparent by the end of January.  312 
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ZAO affects the zonal-mean wind, and by extension 2

sn , via two pathways [Albers 313 

and Nathan, 2012]. Along the first pathway, ozone-flux convergences due to ZAO 314 

modify the zonal-mean ozone field. The change to the zonal-mean ozone field produces 315 

changes in the zonal-mean radiative heating rate and thus the zonal-mean temperature. To 316 

maintain thermal wind balance, the changes to the zonal-mean temperature result in 317 

changes to the zonal-mean wind. Along the second pathway, ZAO-heating affects the EP-318 

flux divergence, which in turn also modulates the zonal-mean wind. However, the 319 

difference between the 3DO3 and ZMO3 zonal-mean ozone fields is small between 320 

December and mid-February, which means that the first pathway plays a minor role in 321 

driving the changes to 2

sn  in the 3DO3 simulations. As a result, any changes in the zonal-322 

mean wind and 2

sn  during this time period must be due to changes in the EP-flux 323 

divergence associated with ZAO-heating.  324 

Figure 4b shows that the increase in the EP-flux divergence within the northern 325 

channel of the PWG is primarily due to an increase in the vertical component of the EP-326 

flux vector (this is confirmed by the near verticality of the EP-flux difference vectors in 327 

this region). To confirm that changes in the meridional heat flux precede changes in 2

sn  328 

within the northern channel of the PWG, we next compare the time evolution of the 329 

meridional heat flux and 2

sn .   330 

Figure 5 shows the time series of the ensemble mean and area weighted average 331 

of the meridional heat flux and 2

sn . The time series spans December 1 to February 28 and 332 

the area weighted average is between 50°-75°N at ~27 km in height. This height and 333 

latitude band lies roughly in the center of the northern channel of the PWG. During the 334 
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time period considered, the heat flux and 2

sn  exhibit qualitatively different behaviors 335 

before and after January 5. 336 

Prior to January 5, the difference between the 3DO3 and ZMO3 heat fluxes 337 

(Figure 5a) does not produce a significance difference in the respective values of 2

sn  338 

(Figure 5b). In contrast, after January 5, the heat flux of 3DO3 remains larger than the 339 

heat flux of ZMO3 (the exception is a small two-day period just after Jan. 10). As a 340 

result, 2

sn  for the 3DO3 ensembles also become larger than 2

sn  for the ZMO3 ensembles 341 

during mid- to late-January. Yet there are two important differences between the 342 

temporal evolution of the 2

sn  versus the heat flux. First, the increase in the 3DO3 2

sn  lags 343 

the increase in the 3DO3 heat flux by ~5 days. Second, the increase in the 3DO3 2

sn  344 

remains rather small until the final 5-10 days of January. The time lag between the 345 

change in the heat flux and the change in 2

sn  is not unexpected because it takes time for 346 

the ZAO-induced changes in the planetary waves to be manifest as changes in the zonal-347 

mean wind. Once the ZAO-heating triggers the initial increase in the meridional heat 348 

flux, however, a positive feedback cycle is initiated that ultimately affects the PWG and 349 

any subsequent planetary wave activity. In short, the initial increase in the EP-flux 350 

convergence due to ZAO-heating causes changes in the strength of the extratropical 351 

westerly flow and the meridional potential vorticity gradient that combine to increase 2

sn . 352 

The increase in 2

sn , in turn, causes a further increase in vertical wave propagation that 353 

reinforces the initial increase in the EP-flux convergence. To gain further insight into the 354 

increase in vertical wave propagation, we next consider the spatial evolution of the 355 

vertical component of the EP-flux ( )( zF ) and the PWG.  356 
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Figure 6a shows contours of the January ensemble mean difference (3DO3 minus 357 

ZMO3) in )( zF  (5). The increase in )( zF  is primarily concentrated in two plumes located 358 

within the northern and southern wave channels. The primary plume originates in the 359 

sub-polar and polar latitudes centered at ~60°N latitude, while the second, smaller plume 360 

is centered at ~30°N latitude. The two plumes and the gap between them are 361 

representative of three features of the PWG discussed in Section 3.1; that is, the plumes 362 

represent an increase in vertical wave propagation along both the northern and southern 363 

planetary wave channels, while the gap between the plumes of )( zF  is likely due to the 364 

local minimum in 2

sn  seen in Figures 1b and 2b at ~42°N latitude and 20 km. 365 

To examine the connection between the increase in )( zF  along each of the 366 

planetary wave channels and changes in the morphology of the PWG, we computed the 367 

change in 2

sn  (3DO3 minus ZMO3) for two periods during January. Guided by the 2

sn  368 

time series in Figure 5, we calculated the change in 2

sn  between January 1-25 and January 369 

25-31. Between January 1-25, there is very little change in 2

sn  (not shown); this result is 370 

consistent with the relatively small change in the January monthly mean zonal-mean 371 

wind shown in Figure 3a and the 2

sn  time series shown in Figure 5b. The final 5 days of 372 

January, however, show changes in 2

sn  that match very well with the increase in vertical 373 

wave propagation. In particular, the two plumes in )( zF  shown in Figure 6a are 374 

collocated with notable increases in 2

sn  along both planetary wave channels (Figure 6b).  375 

We next examine how the ZAO-related changes in the PWG that first appear in 376 

late January expand and amplify to produce the large change in the zonal wind in 377 

February. 378 
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3.3. February Results 379 

Figure 3b shows that ZAO produces statistically significant decreases in the 380 

zonal-mean westerly flow of 5-11 ms
-1

 in the equatorial upper stratosphere and middle 381 

mesosphere, as well as decreases of 3-18 ms
-1

 throughout the NH extratropical 382 

stratosphere and mesosphere during February. A third, smaller region of statistically 383 

significant wind difference is located near the location of the subtropical jet at ~30°N in 384 

the upper troposphere and lower stratosphere (UTLS); the wind change at this location 385 

represents an increase of ~1-3 ms
-1

. The differences in the NH zonal-mean wind show 386 

three notable results. First, the decrease in the wind speed in the tropical upper 387 

stratosphere and lower mesosphere causes a northward migration of the tropical easterlies 388 

and a northward shift of the zero wind line. As Figure 7 shows, the northward shift in the 389 

zero wind line varies from about 1° to 8° latitude between about 30 km and 65 km in 390 

height. Second, the decrease in wind speed within the extratropics and polar region 391 

represents a weaker polar vortex and a warmer stratosphere (see also McCormack et al. 392 

[2011], their Figure 2). Third, the increased wind speed in the subtropical UTLS shifts 393 

the subtropical jet equatorward by about 3°. The zonal wind differences in Figure 3 and 394 

Figure 7 qualitatively agree with recent studies suggesting a connection between 395 

northward shifts in the upper stratospheric zero wind line and an increase in the 396 

frequency of SSWs.  For example, Gray [2003] found that similar to the so-called 397 

‘Holton-Tan’ mechanism in the lower stratosphere [Holton and Tan, 1982], a northward 398 

shift in the upper stratospheric zero wind line produces a narrower PWG that directs more 399 

planetary wave activity poleward. The increase in planetary wave activity induces more 400 

wave drag on the zonal-mean circulation and creates a warmer extratropical and polar 401 
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stratosphere and an increased incidence of SSWs. Indeed, as our EP-flux diagnostics will 402 

show, the combination of a narrower PWG and an increase in wave propagation combine 403 

to produce an increase in wave drag, the weaker polar vortex shown in Figures 1a and 2a, 404 

and an increased incidence of major SSWs (four in the 3DO3 ensembles versus one in the 405 

ZMO3 ensembles). 406 

 Figures 8a and 8b compare values of the February ensemble mean 2

sn  (1) for 407 

ZMO3 and 3DO3 for stationary planetary wave s=1. The 2

sn  scale varies from red to 408 

blue, which corresponds with large to small 2

sn , respectively. Regions where planetary 409 

waves are evanescent ( 2

sn <0) are denoted by white space. In addition to showing 2

sn , 410 

Figures 8a and 8b are overlaid with a qualitative outline of the PWG where values at 411 

either extreme of the 2

sn  scale are excluded and shaded by the transparent light grey 412 

color; the solid black line that outlines the PWG traces the 15 and 65 2

sn  contours on the 413 

poleward and equatorward side of the PWG, respectively. Outlining the PWG this way 414 

greatly aids in visualizing changes to 2

sn ; moreover, excluding the extreme values of 2

sn  415 

is a physically reasonable approximation for two reasons. First, approaching the 416 

subtropical zero wind line, 2

sn  →∞ as 0u . In this limit, 2

sn  becomes an unreliable 417 

measure of wave propagation. Second, because planetary waves tend to propagate 418 

towards and through large values of 2

sn , changes in 2

sn  within the region of very small 2

sn  419 

on the poleward side of the PWG play a minor role in determining where planetary waves 420 

propagate. Regardless, choosing different extreme values to exclude from the PWG 421 

outline does not change the qualitative nature of our results. 422 
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Figure 8 shows that ZAO increases planetary wave propagation in three important 423 

ways. First, the vertical extent of the PWG increases, which allows the waves to 424 

propagate 10 to 15 km higher within the mesosphere between 45°-70°N. Second, ZAO 425 

causes an increase in the magnitude of 2

sn  throughout the entire stratosphere, and in 426 

particular, an increase in wave propagation along both the southern and northern wave 427 

channels. The increase in 2

sn  along the southern wave channel is significant beginning at 428 

the surface and extending upwards to ~35 km between 30°-40°N. The increase in 2

sn  429 

within the northern wave channel extends upwards from ~20 km all the way to into the 430 

mesosphere near ~75 km. And third, ZAO also causes a significant increase in 2

sn  in the 431 

polar UTLS between ~60°-80°N. The increases in wave propagation described above are 432 

each due to different structural changes in the wind and are embodied by competing 433 

terms in 2

sn  (1), namely, the strength of the zonal mean wind versus the meridional 434 

potential vorticity gradient. 435 

According to the first term on the RHS of (1), weaker westerly winds and 436 

increases in the meridional potential vorticity gradient together increase 2

sn . Ozone-437 

induced changes in the potential vorticity gradient, in turn, are due to changes in the 438 

meridional and vertical shear terms of the zonal-mean wind [the second and third terms 439 

on the RHS of (2)]. We compared each of the terms in (2) for the 3DO3 and ZMO3 sets 440 

of ensembles and found that nearly all of the changes in 2

sn  due to changes in the 441 

potential vorticity gradient are due to the third term on the RHS of (2). Further details can 442 

then be exposed by expanding the third term on the RHS of (2), which yields 443 
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The first term on the RHS of (7) is proportional to the vertical shear of the mean wind, 444 

while the second term is proportional to the vertical curvature of the mean wind. Thus an 445 

increase in positive vertical wind shear (or a decrease in negative vertical wind shear) 446 

increases the meridional potential vorticity gradient (2) and increases 2

sn  (1). Based on a 447 

numerical comparison of the two terms on the RHS of (7), we found that the vertical 448 

shear term is the dominant term and largely accounts for changes between the 3DO3 and 449 

ZMO3 ensembles. Thus the changes in 2

sn  shown in Figure 8 can be explained by the 450 

ratio uuz / .  451 

With the exception of the UTLS region along the southern wave channel, the 452 

entire extratropical stratosphere and lower mesosphere is characterized by weakened 453 

westerly winds (Figure 3b), consistent with an increase in 2

sn  within the PWG shown in 454 

Figure 8. The weakened polar vortex in the 3DO3 simulations, however, also affects the 455 

vertical wind shear. Figure 2a shows that the location of the maximum wind speed in the 456 

vortex core extends from ~60 km at ~40°N to ~40 km at ~60°N, so that much of the 457 

region above ~40-50 km is characterized by negative vertical wind shear, while the 458 

region below ~40 km is largely characterized by positive vertical wind shear. These 459 

features are clearly seen in Figure 9a, which depicts the change in the vertical wind shear 460 

between the 3DO3 and ZMO3 ensembles. As a consequence of the weaker polar vortex 461 

in the 3DO3 simulations, the vertical wind shear along the upper portion of the northern 462 

wave channel (between 40°-70°N and above ~40 km) and along the southern wave 463 

channel (between 30°-40°N in the UTLS) becomes weaker (less negative); this 464 
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contributes positively to the increase in 2

sn . In contrast, the region along the lower portion 465 

of the northern wave channel (between ~55°-85°N and 10-40 km) is characterized by a 466 

decrease in positive vertical wind shear that contributes negatively to 2

sn ; thus the 467 

increase in 2

sn  in the this region is due solely to the weakened westerly winds in the 468 

3DO3 simulations. Each of the changes in the magnitude and vertical shear of the zonal-469 

mean wind just described will prove to be important for explaining the increases in the 470 

February EP-flux convergence as discussed in the next section. 471 

3.4. Discussion 472 

We have shown that ZAO-heating causes an increase in the EP-flux beginning in 473 

early to mid-January. This initial increase in the EP-flux produces changes in the zonal-474 

mean wind that are manifest as changes in the PWG. The changes in the PWG occur via 475 

variations in the location of the subtropical jet, shifts in the latitude of the subtropical 476 

zero wind line, and the strength of wave propagation within the extratropical stratosphere. 477 

These changes in the EP-flux and PWG represent a positive feedback, where the initial 478 

ZAO-induced changes in wave amplification/damping trigger changes in the PWG that 479 

affect subsequent planetary wave activity entering the stratosphere. As the winter season 480 

progresses the ZAO-induced changes in the PWG become increasingly important.  481 

To better understand how ZAO affects the PWG during late January and 482 

February, we consider how the ZAO-weakened lower stratospheric zonal winds combine 483 

with the equatorward shift in the subtropical jet. First some background. 484 

Using a primitive equation model, Nigam and Lindzen [1989] found that small 485 

perturbations (< 5 ms
-1

) to the zonal-mean wind could produce equatorward shifts in the 486 

location of the subtropical jet. Although small, these shifts could nonetheless 487 
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substantially enhance the guiding of planetary waves from their primary source region 488 

(the Himalayas at ~27°N) into the polar stratosphere. Similarly, Hu and Tung [2002] 489 

showed that the low index phase of the Northern Hemispheric annular mode (which is 490 

characterized by an equatorward shift in the NH zonal jet), is associated with weakened 491 

zonal-mean winds and increased 2

sn  in the UTLS region between 60°-80°N. In addition 492 

to changes in 2

sn , Limpasuvan and Hartmann [2000] showed that the low index phase of 493 

the Northern annular mode is also characterized by anomalous increases in poleward 494 

directed EP-flux vectors; the resulting increase in equatorward momentum fluxes are 495 

associated with a weakened stratospheric westerly winds. Our results suggest that ZAO 496 

modulates 2

sn  and the EP-flux in a similar fashion to each of the phenomenon described 497 

by Nigam and Lindzen, Hu and Tung, and Limpasuvan and Hartmann. Indeed, the 498 

equatorward shift in the subtropical jet in the 3DO3 simulations is accompanied by: an 499 

anomalous increase in upward directed EP-flux vectors into the stratosphere and an 500 

anomalous increase in poleward directed EP-flux vectors in the UTLS between ~30°-501 

75°N (Figure 9b); weakened westerly winds (Figure 3b); and increased 2

sn  values (Figure 502 

8b) throughout the extratropical UTLS. The increase in the anomalous poleward and 503 

upward directed EP-flux vectors observed in February reinforce the positive feedback 504 

cycle between the EP-flux convergence and 2

sn  first established in late January; the net 505 

result is an increase in wave propagation throughout both channels of the PWG. To better 506 

understand the implications of the expansion of the PWG in the vertical and the increase 507 

in wave propagation within the PWG, we next consider the EP-flux convergence. 508 

 Figures 10a shows contours of the difference (3DO3 minus ZMO3) of the EP-flux 509 

convergence in February. In a continuation of the EP-flux convergence differences that 510 
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first appeared in January, the February difference clearly shows two plumes of increased 511 

convergence along both the northern and southern wave channels. There is a 30-50% 512 

increase in the EP-flux convergence along the northern wave channel between 15-20 km, 513 

and a 15-100% increase along the southern wave channel at the same heights. As in 514 

January, the two plumes of increased EP-flux convergence correspond with significant 515 

increases in vertical wave propagation; this can be verified by examining the increased 516 

EP-flux vectors in Figure 9b and more specifically, the increase in )( zF  shown in Figure 517 

10b. In addition to an increase in magnitude, the ZAO-induced increase in )( zF  during 518 

February also extends ~10-15 km higher than was observed during January (compare 519 

Figures 6a and 10b); this is consistent with the 10-15 km increase in height of the 520 

February PWG depicted in Figure 8.  521 

The increases in vertical wave propagation along the northern and southern wave 522 

channels, however, correspond to the qualitatively different changes in wind structure 523 

described in Section 3.3. The increase in vertical wave propagation along the southern 524 

wave channel (~30°-40°N) in the UTLS is due to a combination of changes in the vertical 525 

shear, meridional shear, and curvature of the zonal-mean wind rather than changes in the 526 

magnitude of the wind. This is verified in Figure 3b, which shows that the UTLS is 527 

characterized by an increase in the mean wind that contributes negatively to the 528 

magnitude of 2

sn . The dominant contribution to the increase in 2

sn  and the increased 529 

vertical propagation along the southern wave channel is due to the increase in positive 530 

vertical wind shear depicted in Figure 9a between ~30°-40°N. The meridional shear and 531 

curvature terms (not shown) also contribute to the increase in 2

sn , but their contribution is 532 

secondary to that of the vertical shear term. The importance of vertical wind shear along 533 
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the tropopause is perhaps not surprising in light of the study by Chen and Robinson 534 

[1992] who showed that even small changes in vertical wind shear near the tropopause 535 

may produce significant changes (20-40%) in 2

sn  and EP-flux convergence in the UTLS. 536 

In contrast to the changes along the southern wave channel, the increase in vertical wave 537 

propagation along the northern wave channel are due to increases in 2

sn  associated solely 538 

with the weakened westerly winds; this is verified by noting the decrease in positive 539 

vertical wind shear (Figure 9a) that contributes negatively to 2

sn .  540 

Despite the similarities between the distributions in the January and February EP-541 

flux convergences (compare Figs. 4b and 10a), there are two notable changes between the 542 

two months. First, the local minimum in the EP-flux convergence along the northern 543 

wave channel (centered at ~60°N and 18 km) has increased slightly from -36 to -32 kg s
-544 

2
, while the local minimum along the southern wave channel (centered at ~32°N and 16 545 

km) has decreased by ~60% from -27 to -43 kg s
-2

. This indicates that the local increase 546 

in 2

sn  and the equatorward shift in the subtropical jet have combined to significantly 547 

increase the poleward and vertical propagation of planetary waves (Figure 9b and 10b), 548 

which results in the large increase in the EP-flux convergence along the southern wave 549 

channel. Second, while the increased EP-flux convergence due to ZAO extended all the 550 

way from the middle stratosphere down to the surface between 50°-70°N during January 551 

(Figure 4b), there is no increase in convergence between ~10-15 km and 30°-70°N during 552 

February (Figure 10a); this difference cannot be explained by the changes in 2

sn  553 

described earlier. There are several possible explanations for this apparent discrepancy 554 

between the increase in the EP-flux convergence and 2

sn .  555 
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One possible explanation for the increase in the EP-flux convergence in the UTLS 556 

is associated with the ability of ZAO to alter the EP-flux convergence through wave 557 

amplification/damping. Indeed it is ZAO-heating that triggers the initial increase in the 558 

EP-flux convergence and the PWG in mid- to late-January described in Section 3.2.  The 559 

ozone-modified refractive index derived in Nathan and Cordero [2007] describes how 560 

ZAO and zonal-mean ozone combine to alter both planetary wave propagation and wave 561 

damping. Albers and Nathan [2012] subsequently used the ozone-modified refractive 562 

index to show how changes in wave propagation and damping due to ZAO act together or 563 

in opposition to produce small or large changes in the EP-flux in the lower stratosphere. 564 

Although the current experimental setup does not make it possible to separate ZAO-565 

related effects due to wave propagation and wave damping, it is indeed possible that the 566 

apparent discrepancy between the increase in 2

sn  seen in Figure 8 and decrease in the EP-567 

flux convergence seen between ~5-15 km and 30°-70°N in Figure 10 could be related to 568 

ZAO-induced changes in wave damping and wave propagation that are not taken into 569 

account by the inviscid form of 2

sn  (1) employed in this study. This issue will be the 570 

subject of future modeling and observational studies. 571 

A second possible explanation for the apparent discrepancy between the increase 572 

in the EP-flux convergence and 2

sn  was discussed in Section 2. That is, wave tunneling or 573 

wave reflection, separately or in combination, may invalidate the relationship between 574 

the EP-flux and 2

sn  employed here [Harnik 2002]. In particular, whenever planetary 575 

waves are propagating in the meridional plane they are likely undergoing horizontal 576 

reflection because the wavelengths of the waves are longer than the width of the 577 

waveguide (Nili Harnik personal communication). Thus because the EP-flux vectors 578 
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have a strong meridional component between ~10-15 km and 30°-50°N (Figures 1b and 579 

2b), it is not surprising that the change in the propagation pattern of the EP-flux vectors is 580 

not well described by the change in 2

sn  in this region. Yet a third possibility is that the 581 

ZAO-induced changes in the stratospheric circulation have caused changes in the 582 

troposphere that increase the generation of planetary wave activity. Indeed our results 583 

show that ZAO affects the circulation of the troposphere (e.g., Figures 3 and 10a). Thus it 584 

is possible that some of the increase in the EP-flux convergence in the UTLS is due to an 585 

increase in planetary wave generation in the troposphere. 586 

4. Summary and Conclusions 

Using a middle atmosphere general circulation model, we have shown that 587 

zonally asymmetric ozone (ZAO) alters the morphology of the PWG in three distinct 588 

ways. First, the PWG contracts meridionally and expands vertically within the upper 589 

stratosphere and lower mesosphere. Second, the magnitude of wave propagation 590 

increases throughout the interior of the stratospheric waveguide between ~30°-75°N. And 591 

third, the subtropical jet shifts equatorward. In combination, the changes in the shape and 592 

strength of the PWG are associated with increased deceleration of the zonal-mean 593 

westerly flow, resulting in a weaker and warmer stratospheric polar vortex. These 594 

changes correlate well with the increased incidence of SSW's in the presence of ZAO 595 

reported by McCormack et al. [2011].  596 

Changes in the PWG have important implications for modeling SSWs, variations 597 

in stratospheric dynamics associated with the 11-year solar cycle, and the Northern 598 

Hemisphere annular mode (NAM). For example, Charlton et al. [2007] investigated the 599 

ability of a series of GCMs – which did not consider the effects of ZAO on the PWG – to 600 
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generate an accurate number of SSWs. The results showed that most GCMs failed to 601 

produce enough SSWs when compared to observations. In the current GCM study – 602 

where we explicitly consider the effects of ZAO on the PWG – the model runs with ZAO 603 

had a noticeably larger EP-flux emanating from the UTLS and produced a larger number 604 

of SSWs compared to similar runs without ZAO. This increase in the EP-flux correlates 605 

well with the increase in 2

sn  in the lower stratosphere, indicating that changes in the PWG 606 

associated with ZAO may play an important role in modulating the flux of wave activity 607 

entering the stratosphere from the troposphere, which is known to drive SSWs. 608 

SSWs have also been correlated with a northward shift of tropical easterlies and 609 

the zero wind line within the upper stratosphere and lower mesosphere [Gray, 2003; 610 

Vineeth et al., 2010]. Gray et al. [2003] hypothesized that because vertically propagating 611 

planetary waves have vertical wavelengths comparable to the distance between the 612 

tropopause and the upper stratosphere during mid- to late-winter, it is possible that shifts 613 

of the zero wind line in the upper stratosphere help guide waves poleward in much the 614 

same manner as the traditional Holton-Tan mechanism in the lower stratosphere. 615 

Although our experiments were not designed to test Gray et al.’s hypothesis, it is 616 

nonetheless interesting to note the correlation between the northward shift in the zero 617 

wind line and the increase in frequency of SSWs in our model runs that include ZAO.  618 

 In addition to SSWs, two aspects of the PWG discussed in this study – the width 619 

and strength – may provide a means for ZAO to communicate and amplify the 11-year 620 

solar cycle signal. The relationship between the width of the PWG and solar-modulated 621 

ZAO has been shown by Cordero and Nathan [2005] to be an important pathway for 622 

communicating the solar signal to the quasi-biennial oscillation  (see their Figure 1). 623 
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Because our results show that ZAO plays a role in modulating the upper stratospheric 624 

tropical easterlies, it is therefore likely that in a similar manner to the Cordero and 625 

Nathan solar- quasi-biennial oscillation mechanism, ZAO may also play a role in 626 

modulating the semi-annual oscillation in the tropical upper stratosphere. Because the 627 

semi-annual oscillation plays a dominant role in the location and timing of shifts in the 628 

upper stratospheric zero wind line, modulation of the semi-annual oscillation by ZAO 629 

may provide an important pathway for solar modulation of the width of the PWG. Indeed, 630 

this is a topic that deserves further attention given the parallel timing of the peak in wind 631 

modulation from ZAO in our results and the robust solar signal observed during mid- to 632 

late-winter in the tropical upper stratosphere [e.g., Labitzke and van Loon, 1988; Naito 633 

and Hirota, 1997].  In addition to solar modulation of the width of the waveguide, ZAO 634 

also provides a way to change the strength of wave propagation within the waveguide 635 

itself. This scenario is supported by work demonstrating the link between the 11-year 636 

solar cycle and changes in wave propagation and planetary wave drag in the extratropical 637 

stratosphere [Nathan et al., 2011; Gabriel et al., 2011]. 638 

 Finally, we note that the analysis in this paper has examined the effects of ZAO 639 

from a “bottom-up” perspective. From this perspective, ZAO enhances the amount of 640 

planetary wave activity that is refracted into the interior of the stratosphere from the 641 

troposphere below. This phenomenon can be understood as a positive feedback cycle 642 

where increases in the EP-flux convergence cause wind changes that increase 2

sn  within 643 

the PWG; the increase in 2

sn  within the PWG in turn leads to further increases in the 644 

vertical propagation of planetary waves with subsequent increases in the EP-flux 645 

convergence. However, changes in the upward flux of planetary wave activity and 646 



ALBERS ET AL.: 

October 3, 2012 31 

consequent variations in local wave-mean flow interaction in the stratosphere can also 647 

drive downward propagating zonal-mean wind anomalies [Plumb and Semeniuk, 2003], a 648 

“top-down” effect. Such downward propagating wind anomalies have been shown to be 649 

important for stratosphere-troposphere communication [Kodera and Kuroda, 2000; 650 

Christiansen, 2001; Polvani and Waugh, 2004; Perlwitz and Harnik, 2004] and NAM 651 

variability [e.g. Baldwin and Dunkerton, 1999; Limpasuvan and Hartmann, 2000]. The 652 

model simulations examined in this paper provide evidence that ZAO affects both the 653 

downward propagation of wind anomalies and the phase of the NAM. The downward 654 

propagation of the wind anomalies is seen in the space-time evolution of the ZAO-655 

induced wind anomalies depicted in Figure 3 and in McCormack et al. [2011] (see their 656 

Figures 4a-d). The effect of ZAO-heating on the phase of the NAM is seen in the 657 

equatorward shift in the subtropical jet and a weakened polar vortex (compare Figure 3 658 

and Figure 7), which are both common features of the low index phase of the NAM. The 659 

equatorward shift in the subtropical jet shown in our results is consistent with the work of 660 

Brand et al. [2008] who found that including ZAO produces a shift in the NAM towards 661 

its low index phase; this indicates that the relationship between ZAO and shifts in the 662 

phase of the NAM is likely a robust result. We are currently investigating the effects of 663 

ZAO on downward signal propagation and annular mode variability. 664 
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 810 

Figure 1. Three-month average (DJF) ZMO3 ensemble mean (a) zonal-mean wind and (b) 811 

2

sn  with EP-flux vectors. In (a) the thick black line denotes the zero-wind line. In (b) the 812 

contours denote 2

sn , which has been non-dimensionalized with a
2
 (contour interval is 4). 813 

The EP-flux vectors (arrows) are plotted only in regions where the EP-flux divergence is 814 

less than ~ -25x10
6
 kg s

-2
 (this threshold eliminates visually distracting vectors that are 815 

inconsequential to the physics). The scaling of the EP-flux vectors is discussed in Section 816 

2. 817 

818 
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 819 

Figure 2. As in Figure 1, but for the 3DO3 ensemble mean.  820 

821 
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 822 

Figure 3. Monthly average zonal-mean wind difference (ΔU = 3DO3 minus ZMO3) for: 823 

(a) January and (b) February. Contours intervals are in units of ms
-1

. Statistically 824 

significant wind changes at the 95% confidence level are shaded in gray. 825 

826 
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 827 

Figure 4. January ensemble mean for (a) 3DO3 EP-flux convergence with EP-flux vectors 828 

and (b) the difference (3DO3 minus ZMO3) in the EP-flux convergence and EP-flux 829 

vectors. In (a), the white region between 0°- 40°N latitude and below ~15 km represents 830 

EP-flux convergence that is greater than the 0 to -300 scale used for plotting. In both 831 

plots the units are 1x10
6
 kg s

-2
 and the contour interval is 5x10

6
 kg s

-2
. As in Figures 1 832 

and 2, the EP-flux vectors in (b) are only plotted in regions where the EP-flux divergence 833 

is less than the threshold ~ -25x10
6
 kg s

-2
. The scaling of the EP-flux vectors is discussed 834 

in Section 2; the magnitude of the vectors in (a) and (b) are consistent with the EP-flux 835 

convergence scale shown alongside each plot. 836 

837 
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 838 

Figure 5. Time series of ensemble mean, area-weighted average (50°-75°N) at ~27 km for 839 

the (a) meridional heat flux and (b) 2

sn  between December-February for 3DO3 (solid lines) 840 

and ZMO3 (dotted lines). The heat flux is in units of K ms
-1

, while 2

sn  has been non-841 

dimensionalized by a
2
. 842 

  843 

844 
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 845 

Figure 6. (a) Contours of the difference (3DO3 minus ZMO3) in ensemble mean vertical 846 

component of the EP-flux vector for January. Units are 1x10
-9

 kgm s
-2

 and the contour 847 

interval is 5x10
-8

 kgm s
-2

. (b) Difference in the late January 2

sn  for the period between 848 

January 25-31. For visual clarity, the 2

sn  data was filtered so that the 2

sn  is plotted only in 849 

regions where the EP-flux divergence is less than the same minimum threshold value (~ -850 

25x10
6
 kg s

-2
) used when plotting the EP-flux vectors in Figures 1b and 2b; see Figure 4a 851 

for EP-flux divergence scale. 852 

853 
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 854 

Figure 7. Location of February Northern Hemisphere zero wind line for 3DO3 (solid 855 

line) and ZMO3 (dashed line). 856 
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 857 

Figure 8. Monthly averaged 2

sn  for February: (a) ZMO3 for planetary wave s=1; and (b) 858 

3DO3 for planetary wave s=1. The 2

sn  scale extends from red to blue, which corresponds 859 

with large to small 2

sn , respectively; regions where planetary waves are evanescent 860 

( 2

sn <0) are denoted by white space. We indicate the shape of the PWG by choosing a 861 

specific, though arbitrary, contour for 2

sn . Irrespective of the choice of the contour, 862 

however, the shape of the PWG remains qualitatively unchanged. The solid black line 863 

that outlines the PWG traces the 15 and 65 2

sn  contours on the poleward and equatorward 864 

side of the PWG, respectively. In all plots, 2

sn  has been non-dimensionalized by a
2
; the 865 

contour interval is 4.  866 
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 867 

Figure 9. (a) The difference (3DO3 minus ZMO3) in the ensemble-mean vertical wind 868 

shear for February; the contour interval is in units of m s
-2

. (b) The difference (3DO3 869 

minus ZMO3) in the EP-flux vectors for February; the ensemble mean February 3DO3 870 

2

sn  is plotted in the background for reference. As in Figures 1 and 2, the EP-flux vectors 871 

in (b) were filtered so that vectors are only plotted in regions where the EP-flux 872 

divergence is less than  ~ -25x10
6
 kg s

-2
. The scaling of the EP-flux vectors is discussed 873 

in Section 2. 874 

875 
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 876 

Figure 10. (a) February ensemble-mean difference (3DO3 minus ZMO3) in the EP-flux 877 

convergence. The units are 1x10
6
 kg s

-2
 and the contour interval is 5x10

6
 kg s

-2
. (b) 878 

Contours of the difference (3DO3 minus ZMO3) in ensemble mean vertical component of 879 

the EP-flux vector for February. The units are 1x10
-9

 kgm s
-2

 and the contour interval is 880 

5x10
-8

 kgm s
-2

. 881 


